Abstract The role of glycogen synthase kinase 3 beta (GSK-3b) in modulating Notch control of vascular smooth muscle cell (vSMC) growth (proliferation and apoptosis) was examined in vitro under varying conditions of cyclic strain and validated in vivo following changes in medial tension and stress. Modulation of GSK-3b in vSMC following ectopic expression of constitutively active GSK-3b, siRNA knockdown and pharmacological inhibition with SB-216763 demonstrated that GSK-3b positively regulates Notch intracellular domain expression, CBF-1/RBP-Jj transactivation and downstream target gene mRNA levels, while concomitantly promoting vSMC proliferation and inhibiting apoptosis. In contrast, inhibition of GSK-3b attenuated Notch signaling and decreased vSMC proliferation and survival. Exposure of vSMC to cyclic strain environments in vitro using both a Flexercell TM Tension system and a novel Sylgard TM phantom vessel following bare metal stent implantation revealed that cyclic strain inhibits GSK-3b activity independent of p42/p44 MAPK and p38 activation concomitant with reduced Notch signaling and decreased vSMC proliferation and survival. Exposure of vSMC to changes in medial strain microenvironments in vivo following carotid artery ligation revealed that enhanced GSK-3b activity was predominantly localized to medial and neointimal vSMC concomitant with increased Notch signaling, proliferating nuclear antigen and decreased Bax expression, respectively, as vascular remodeling progressed. GSK-3b is an important modulator of Notch signaling leading to altered vSMC cell growth where low strain/tension microenvironments prevail.
Introduction
Glycogen synthase kinase 3b (GSK-3b) is a multifunctional kinase, ubiquitously expressed in eukaryotes, that regulates many diverse cellular processes including proliferation, differentiation and apoptosis [11] . Its activity is regulated by serine (inhibitory) and tyrosine (stimulatory) phosphorylation. GSK-3b is constitutively active in resting cells and subject to negative regulation in response to external stimuli by phosphorylation on serine 9 via activation of several kinases, including AKT and protein kinase c (PKC) [11] . GSK-3b is an important component of diverse signaling pathways (e.g., Wnt/b-catenin and Angiotensin type1 receptor) and aberrant regulation of GSK-3b has been implicated in several diseases including diabetes mellitus as well as cardiovascular [7] and neurodegenerative diseases [11] .
Control of vascular smooth muscle cell (vSMC) growth is critical to the structural integrity of blood vessels and the pathology of many vascular conditions including atherosclerosis, restenosis and neointimal hyperplasia [16, 41] . Pathological changes in vessel structure are induced, in part, by changes in the biomechanical environment and burden on vSMC and the subsequent activation of discrete signaling pathways that govern growth where reduced cyclic strain/tension can result in substantial changes in vSMC proliferation and apoptosis [16, 46] . The Notch signaling pathway is a highly conserved developmental pathway that controls cell differentiation during embryonic development of the vasculature and is recapitulated in adult cells following vascular injury [36] . Notch1 and 3 ICD control the modulation of SMC growth in response to growth factor stimulation and biomechanical activation [35, 38] . Notch signaling is significantly enhanced in low strain/tension environments in vitro [37] and in vivo [4, 35] concomitant with increased SMC proliferation and survival.
GSK-3b has been shown to modulate Notch signaling in mammalian cells with contradictory results reported [9, 10, 22] . The purpose of the current study was to evaluate the role of GSK-3b in regulating Notch function and mediating Notch control of vSMC growth (balance of proliferation and apoptosis) under static conditions and following exposure to varying strain environments both in vitro and in vivo.
Materials and methods

Materials
All items were of the highest purity commercially available and purchased from Sigma-Aldrich (Poole, Dorset, UK) unless otherwise stated. Antibodies against GSK-3a/b were purchased from Enzo Life Sciences (Exeter, UK), MAPK and p38 from Cell Signal (Beverly, MA), Hrt's from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany) and Notch 1 and 3 ICD from Millipore Ltd (Watford, UK).
Cell culture
Rat vascular SMC (R354-05) were purchased from cell applications and grown in culture as previously described [44] . Bovine SMC were purchased from the Coriell Institute (New Jersey, USA; Cat No. AG08504) and grown as previously described [6] .
Cyclic strain studies
Cells were seeded into 6-well pronectin TM coated Bioflex plates (Dunn Labortechnik, Asbach, Germany) at a density of 6 9 10 5 cells/well and exposed to physiological level of cyclic strain (0-10% strain, 60 cycles/min, 0-24 h with the Heartbeat simulation) as previously described [37] .
Mock vascular phantom
Mock vascular phantoms (MVP) were manufactured from transparent Sylgard Ò 184, a silicon elastomer as previously described [6] . A bare metal stent (BMS provided by Medtronic Ave) was deployed inside the MVP by means of a Basix 25 angioplasty inflation syringe (Merit Medical Systems, South Jordan, Utah) and expanded by a 9-mm angioplasty balloon catheter. Following coating with fibronectin, bovine aortic vSMC were seeded onto the MVP. The stented MVP was then placed into a culture chamber containing 100 ml of RPMI 1640 media supplemented with 10% FBS and primocin antibiotic (100 lg/ml) (Amaxa, MD, USA). The culture chamber consisted of a biocompatible Plexiglas Ò open box with an inlet and outlet for medium perfusion of the MVP. The culture chamber was then attached to a CellMax Ò bioreactor flow system. The cells were exposed to pulsatile flow for 7 days, following which the MVP was removed and cell growth analysed [6] .
Mouse carotid artery ligation
The carotid artery ligation model of remodeling was performed after buprenorphine analgesia (2 mg/kg) and induction of anesthesia using inhalational isoflurane (2%) essentially as described previously [34] and conformed with the Guide for the Care and Use of Laboratory Animals [National Institutes of Health (NIH Publication No. 85-23, revised 1996)]. All procedures were approved by the University of Rochester Animal Care Committee.
Immunohistochemistry and histomorphometry
Mice were perfusion fixed with 10% paraformaldehyde in sodium phosphate buffer (pH 7.0), 14 days after ligation. A series of cross-sections (5 lm) were made from the bifurcation every 200 lm through a 2-mm length of carotid artery and stained with either hematoxylin and eosin and antibodies against PCNA, a-actin, Bax, Hrt-1 and GSK-3b, as described previously [35] . Media stress was calculated from media tension/h, where h is medial thickness (cm), determined histomorphometrically [20] .
Immunocytochemistry
SMC were seeded onto 6-well plates 2 days before being stained at 2 9 10 5 cells per well. Cells were stained for phospho-GSK-3b, Notch3 or Notch1 at 80-90% confluency using the following protocol. Cells were washed three times in 19 PBS. The cells were then permeabilized and fixed in methanol (-20°C, 10 min), and subsequently rehydrated in 19 PBS/3% BSA (10 min). Cells were then incubated in the appropriate primary antibody (1:50 dilution in 19 PBS/3% BSA) at 4°C overnight with gentle agitation. Following three 10-min washes in 19 PBS, cells were incubated in the appropriate secondary antibody (1:200 dilution in 19 PBS/3% BSA using FITC or anti-goat AlexaFluor) for 2-3 h at 37°C. Cells were then washed once in 19 PBS before visualization with the use of an Olympus DP-50 fluorescent microscope, using appropriate excitation and emission spectra at 209 magnifications.
GSK-3b expressing vectors
The wild-type GSK-3b expression plasmid (HA-CTHU-GSK-3b) and the constitutively active mutant GSK-3b-S9A, where the serine from position 9 has been replaced by an alanine, were kind gifts of Dr. Jim Woodgett of the Samuel Lenfeld Research Institute, Toronto, Canada. Plasmids were prepared for transfection according to the manufacturer's instructions using a Qiagen plasmid midi kit (Qiagen, Crawley, UK), as described previously [44] .
Plasmid preparation, transient transfection, luciferase and b-galactosidase assays Plasmids were prepared for transfection according to the manufacturers instructions using a Qiagen plasmid midi kit (Qiagen, Crawley, UK) as described previously [21, 37, 44] . The cells were transfected with a luciferase reporter construct, and various expression constructs. Transfection efficiency was confirmed and normalized to b-galactosidase activity following co-transfection with pCMV-LacZ (a plasmid-encoding b-galactosidase activity). Western blot analysis was also performed to confirm over expression of effector proteins. Cells were harvested 16-24 h post transfection, using 19 Reporter Lysis Buffer (Promega, Madison, WI). Transactivation of reporter genes was evaluated by the luciferase assay (Promega) and normalized to the b-galactosidase activity. The latter was performed according to the manufacturer's instructions (high-sensitivity b-galactosidase assay; Stratagene, La Jolla, CA, USA). In order to maximise the number of cells containing each plasmid encoded vector, transfected cells were puromycin selected and pooled as previously described and resulted in transfection efficiencies greater than 85% [21, 37, 44] .
Western blot analysis
Proteins from cell lysates (10-30 lg) were resolved on SDS-PAGE (12% resolving, 5% stacking) before transfer onto nitrocellulose membrane (Amersham Biosciences, Little Chalfont, UK as described previously [44] .
Proliferation and apoptosis assay by fluorescence-activated cell sorter analysis Cell proliferation and apoptosis was determined by fluorescence-activated cell sorter analysis (FACS) analysis using the Vybrant TM CFDA-SE Cell Tracer Kit and the Vybrant TM Apoptosis Alexa Fluor 488 TM Annexin V and propidium iodide Assay Kit #2, respectively, using a FACScan flow cytometer (Becton-Dickinson, Dublin, Ireland). Cells were designated as viable, apoptotic, or necrotic as previously described [13] .
Quantitative real-time RT-PCR
Quantitative real-time RT-PCR was carried out using the Rotor Gene (model RG-3000; Corbett Research, Sydney, Australia) and the SYBR green PCR kit (Qiagen), as described previously [44] . The gene-specific oligonucleotide sequences were the following: GSK-3b, forward 5 0 -GGA TCT GCC ATC GAG ACA TT-3 0 and reverse 5 0 -GTG GCT CCA AAG ATC AGC TC-3 0 ; Hrt-1, forward,
siRNA transfection/inhibition
For gene silencing studies, Lipofectamine 2000 Reagent (Invitrogen) was used to transiently transfect vSMCs with gene-specific siRNA duplexes for 24 h as previously described [35] . For inhibition studies, cells were treated with 25 lM SB216763 reagent (Sigma). Control cells were also treated with vehicle control (dimethyl sulfoxide).
Data analysis
Results are expressed as means ± SE. Experimental points were performed in triplicate with a minimum of three independent experiments. Kruskal-Wallis non-parametric ANOVA tests were used for comparison of the two groups. A value of p \ 0.05 was considered significant.
Results
GSK-3b positively regulates notch signaling in vSMC
The presence of total GSK-3b protein, phospho GSK-3b (inactive pGSK-3b phosphorylated at ser9) and GSK-3b mRNA levels was confirmed in rat aortic vSMC by immunocytochemistry, immunoblotting and RT-PCR ( Fig. 1a, b ). Pharmacological inhibition of GSK-3b activity with SB-216763 resulted in a dose-dependent increase in the expression levels of inactive pGSK-3b in accordance with other inhibitors of GSK-3b [39] (Fig. 1c) . A structurally distinct inhibitor, SB-415286 mimicked this effect (data not shown). Ectopic expression and puromycin selection of cells with constitutively active epitope tagged mut.GSK-3b (GSK-3b-S9A) (Fig. 1d , e) and selective silencing of GSK-3b but not GSK-3a using siRNA was also confirmed (Fig. 1f) . Densitometric analysis further confirmed selective inhibition of GSK-3b (70 ± 4%) without any significant effect on GSK-3a (data not shown). Ectopic expression of constitutively active GSK-3b-S9A resulted in a significant increase in Notch3 ICD protein levels ( Fig. 2a) concomitant with a significant increase in Notch target gene expression (Hrt-3) (Fig. 2b ) and mRNA levels ( Fig. 2c ). In contrast, selective GSK-3b knockdown with targeted siRNA significantly inhibited Notch3 ICD expression ( Fig. 2a) concomitant with a significant decrease in Hrt-3 protein expression ( Fig. 2b ) and mRNA levels ( Fig. 2c) . In a similar manner, both interventions significantly modulated Notch target genes, Hrt-1 and Hrt-2 mRNA levels in these cells (Fig. 2c) .
Pharmacological inhibition of GSK-3b activity with SB-216763 reduced Notch3 and Notch1 ICD levels with a concurrent decrease in Hrt-3 protein expression (Fig. 3a) . In parallel studies, treatment of vSMC with SB-216763 decreased baseline CBF-1/RBP-Jj promoter activity and significantly attenuated GSK-3b induced CBF-1/RBP-Jj transactivation following ectopic expression of constitutively active mut.GSK-3b (GSK-3b-S9A) (Fig. 3b) . In addition, treatment of cells with a c-secretase inhibitor, DAPT, significantly attenuated GSK-3b induced CBF-1/ RBP-Jj promoter activity following ectopic expression of constitutively active mut.GSK-3b (GSK-3b-S9A) (Fig. 3c) . The levels of Notch 1 receptor mRNA levels were also determined by realtime PCR following SB216763 treatment and exhibited a modest change in expression (22 ± 5% decrease, n = 3).
GSK-3b promotes vSMC proliferation and survival
Pharmacological inhibition of GSK-3b activity with SB-216763 attenuated serum stimulated vSMC proliferation when assessed by FACS CFDA-SE analysis and cell counting while concurrently reducing serum stimulated proliferating cell nuclear antigen (PCNA) expression, a delta accessory protein of DNA polymerase synthesised in late G1 and S phases of the cell cycle (Fig. 4a) . In parallel studies, pharmacological inhibition of GSK-3b activity with SB-216763 significantly increased the number of apoptotic nuclei when assessed by FACS analysis under low serum condition (0.5% FCS), an effect that was reversed following ectopic expression of constitutively active mut.GSK-3b (GSK-3b-S9A) (Fig. 4b ). In addition, a Immunohistochemical staining and b western blot analysis of total GSK-3b and pGSK-3b in rat vSMC. c Pharmacological inhibition of GSK-3b activity with increasing concentrations of SB-216763 after 24 h treatment. d Ectopic expression of constitutively active mutant GSK-3b S9A (Mut.GSK-3b) in vSMC using anti-GFP after 72 h and e Western blot analysis of GSK-3b levels following ectopic expression of GSK-3b S9A (Mut.GSK-3b) with anti-HA and siRNA knockdown with anti-GSK-3b after 72 h. Data are representative of three independent experiments with similar results the significant pro-proliferative effect of forced expression of Notch3 ICD in quiesced vSMC exposed to 10% FCS was reversed following GSK-3b inhibition with SB-216763 (Fig. 4a) . Moreover, the significant anti-apoptotic effect of forced expression of Notch3 ICD was reversed following inhibition of GSK-3b activity with SB-216763 (Fig. 4c) under high serum conditions (10% FCS) confirming a role for Notch in GSK-3b mediated vSMC proliferation and survival.
Biomechanical regulation of GSK-3b activity
The functional involvement of GSK-3b in modulating vSMC growth in response to changes in cyclic strain was examined in vitro. Exposure of vSMC to static or cyclic strain conditions (24 h, 10%, 1 Hz) resulted in a strain-induced decrease in cell number (Fig. 5a ), an increase in apoptosis (Fig. 5a ) concomitant with a robust increase in immunocytochemical staining of inactive pGSK-3b independent of any significant change in GSK3b mRNA levels (Fig. 5b) or pGSK-3b Try216 expression (Fig. 5c ). These data suggest that zero strain environments promote GSK-3b activity and growth in these cells. Since the regulatory phosphorylation of GSK-3b and its activity in vascular cells is under the control of MAPK-dependent signaling [29] and since we have previously shown that MAPK inhibition significantly attenuated strain-induced decreases in NICD expression [38] , confluent serumdeprived vSMC were exposed to cyclic strain in the absence or presence of p42/44 MAPK and p38 inhibitors before GSK-3b activity was evaluated. Inhibition of p42/ p44 MAPK or p38 with PD098059 and PD169316, Fig. 2 GSK-3b enhances Notch signaling. a The effect of ectopic expression of constitutively active GSK-3b (Mut.GSK-3b) and siRNA knockdown of GSK-3b on Notch1 and 3 ICD levels in rat vSMC after 72 h. bThe effect of ectopic expression of constitutively active GSK-3b (Mut.
respectively, failed to reverse the strain-induced increase in pGSK-3b expression in these cells (Fig. 5d) . In contrast, inhibition of GSK-3b activity with SB-216763 significantly attenuated the strain-induced changes in p42/p44 MAPK and p38, respectively (Fig. 5e, f) . To further substantiate a functional involvement of GSK-3b in modulating vSMC growth in response to changes in cyclic strain, the expression of GSK-3b and Notch in vSMC was examined within a stented microenvironment in vitro. The MVP reproduces the mechanical conditions of lower cyclic strain amplitude within a stent in vivo [46] . The expression of inactive pGSK-3b and Notch1 was examined 7 days following implantation of a BMS. In parallel experiments, the level of proliferation and apoptosis was determined in situ. The level of strain amplitude was measured 'upstream' and within the 'stented' region of the BMS in each MVP by videoextensometry within each region and was calculated at 6 and 1.5%, respectively. There was a significant decrease in the level of immunocytochemical staining for inactive pGSK-3b within the stented region when compared with the upstream regions concomitant with a dramatic increase in Notch1 staining (Fig. 6a) . In parallel, the number of cells was significantly higher within the stented region of the MVP when compared with upstream regions (Fig. 6b) . In contrast, the number of apoptotic cells was significantly lower within the stented region of the MVP when compared with upstream regions (Fig. 6b) . Taken together, these data clearly demonstrate that low strain amplitude microenvironments increase both GSK-3b activity and Notch1 expression while concomitantly promoting vSMC growth in vitro.
To examine the functional involvement of GSK-3b in modulating vSMC growth in response to changes in cyclic strain/tension in vivo, we utilized the murine carotid ligated artery model in which reduced blood flow results in decreased vessel wall tension and stress, triggering vessel remodeling and neointimal formation [24, 35] . We confirmed that medial tension and stress was reduced by 40% in the ligated left carotid artery after 14 days ligation when compared with sham [20] . The expression and localization of both GSK-3b and Notch components within the media and developing neointima of these vessels was then evaluated. Vascular SMC were stained for total and inactive pGSK-3b (ser 9) and compared to cells stained for smooth muscle a-actin, proliferating cell nuclear antigen (PCNA, a proliferative marker), Bax (a pro-apoptotic marker) and Hrt-1 (a Notch target gene). Immunohistochemical analysis 14 days post-ligation revealed that GSK-3b expression was predominantly localized to vSMC within the medial and neointimal layers of these vessels (Fig. 6c) concomitant with increased PCNA, decreased Bax levels and enhanced Notch target gene expression (Fig. 6c) . In addition, the expression of pGSK-3b (ser 9) within the remodeled vessel was minimal relative to the total GSK-3b levels present after 14 days of injury suggesting that the majority of GSK-3b was active in vSMC following ligation (Fig. 6c) . Quantification of GSK-3b mRNA levels using QRT-PCR demonstrated that GSK-3b mRNA levels initially decreased after 3 days following carotid artery ligation but increased thereafter as vascular remodeling progressed (Fig. 6d) .
Discussion
GSK-3b, originally identified as a serine/threonine kinase that phosphorylates glycogen synthase, has since been shown to phosphorylate and regulate the activity of many diverse proteins involved in several signaling pathways such as b-catenin, p53 and Notch [9, 15, 22] . As GSK-3b is located at the focal point where multiple cell signals merge to control cell proliferation, apoptosis and migration, it represents a potential novel molecular target to treat vascular proliferative disease. Several studies have highlighted the importance of GSK-3b targets in controlling vSMC proliferation and apoptosis in vitro [5] and in vivo [2, 23] . One such target, Notch is known to play a putative role in dictating venous to arterial differentiation during embryogenesis [25] and the vascular response to injury [28] .
GSK-3b may modulate Notch signaling through phosphorylation of NICD which protects it from proteosomal degradation [10] , by directly binding to NICD [22] , via a direct interaction with the Notch co-activator MAMl1 [40] , and/or via modifying c-secretase activity [45] . Initial studies reported that GSK-3b phosphorylated Notch1 ICD in vitro enhancing its activity while Notch signaling was reduced in GSK-3b deficient fibroblasts [10] . However, subsequent studies suggested that Notch1 and 2IC phosphorylation by GSK-3b negatively regulated Notch transcriptional activity [3, 9] . In the current study, we demonstrate that GSK-3b positively regulates the activity of Notch 1 and 3 ICD in vSMC in vitro. Ectopic expression of GSK-3b in vSMC increased NICD levels, promoted CBF-1/RBP-Jj transactivation and enhanced downstream Notch target gene expression. Coincidentally, inhibition of GSK-3b activity using a pharmacological inhibitor or reduction in GSK-3b levels following selective siRNA knockdown (without any effect on GSK-3a levels) resulted in attenuation of Notch activity. The enhanced Notch activity was due, in part, to increased NICD levels since DAPT, a c-secretase inhibitor that reduces NICD levels [14] partially attenuated the enhanced transactivation of CBF-1/RBP-Jj promoters following ectopic expression of active GSK-3b in these cells. These data suggest that changes in NICD levels contribute in part to the enhanced CBF-1/RBP-Jj transactivation following GSK-3b activation since the level of transactivation is reduced concomitant with a similar level of reduction in NICD expression at this concentration of DAPT (data not shown). In addition, the effect of SB216763 on the repercussions of forced expression of NICD on vSMC proliferation and apoptosis suggests that one of the target(s) of SB216763 is also likely to be NICD. However, because CBF-1/RBP-Jj transactivation by constitutively active GSK-3b remains robust even when NICD levels are decreased, there is also the possibility that GSK-3b promotes CBF-1/RBP-Jj activity downstream from NICD. Indeed, activation of Notch and Fig. 5 Cyclic strain enhances GSK-3b phosphorylation. a The effect of 10% cyclic strain for 24 h on rat vSMC (a) cell number and apoptosis. The baseline 'static' level of apoptosis was 4 ± 1%, n = 6. b Representative immunocytochemical staining and QRT-PCR of GSK-3b mRNA levels following exposure to 10% cyclic strain for 24 h. c Representative western blot analysis of pGSK-3b Ser9 and Tyr216 levels following exposure to 10% cyclic strain for 24 h. d Representative western blot analysis of the effect of 10% cyclic strain on pGSK-3b activity after 30 min in the absence or presence of inhibitors of phospho-p44/42 and phospho-p38, respectively. e , f Representative western blot analysis and cumulative data of the effect of cyclic strain on phospho-p44/42 and phosphop38 activity after 30 min following inhibition of GSK-3b with SB-216763 (25 lM). The cumulative data represents the mean values from three independent experiments ± SEM, *p \ 0.05 versus static control b-catenin signaling through PI3K (and GSK-3b) in vascular progenitors (as well as differentiating ECs) has been reported [15] . Notch and b-catenin signaling subsequently converge into a single protein complex with CBF-1/RBPJj, NICD, and b-catenin (arterial complex) on arterial genes. It is likely that Notch signaling from Notch ligand binding and b-catenin signaling from Wnt and VE-cadherin participate in forming the complex and can be modulated by GSK-3b [49] . The positive regulation of Notch signaling following GSK-3b activation resulted in enhanced vSMC proliferation and survival in vitro. In addition, the pro-proliferative effect of Notch3 ICD overexpression was reversed following GSK-3b inhibition suggesting that GSK-3b phosphorylation of one of its substrates significantly interferes with Notch promotion of vSMC proliferation. While the pro-apoptotic response of vSMC following GSK-3b inhibition was unaffected by Notch 3 ICD over expression, the anti-apoptotic effect of Notch 3 ICD over expression was reversed by GSK-3b inhibition further highlighting that GSK-3b phosphorylation also significantly interferes with Notch promotion of vSMC survival. These data are in agreement with previous studies confirming a disparate role for GSK-3b in cell survival where GSK-3b oppositely regulated two major apoptotic signaling pathways (mitochondrial intrinsic apoptotic pathway and the death receptor-mediated extrinsic apoptotic signaling pathway) [1, 19] . Consequently, inhibition of GSK3b provides protection from intrinsic apoptosis but may potentiate extrinsic apoptotic signaling. Furthermore, inhibition of CBF-1/RBP-Jj transactivation with SB-216367 blunted the effect of constitutively active GSK-3b. However, SB-216367 did not inhibit the anti-apoptotic effect of this active mutant further reinforcing the disparate effects of GSK inhibition on cell survival and highlighting the potential role of a potential Notch mediated CBF-1/ RBP-Jj independent pathway for vSMC apoptosis. Indeed, since inhibition of c-secretase activity using DAPT failed to robustly affect CBF-1/RBP-Jj transactivation induced by the active mutant of GSK-3b, a CBF-1/RBP-Jj process that is independent of the Notch pathway is further implicated. This may also explain in part the inability of Notch 3 ICD overexpression to overcome the pro-apoptotic effects of GSK-3b inhibition in these cells. Moreover, while these data are consistent with GSK-3b phosphorylation of NICD, it is also likely that Notch receptors are phosphorylated and primed by other kinases. Recent studies suggest that GSK-3b directly interacts with MAML proteins that are transcriptional co-activators for Notch signaling by recruiting CycC:CDK8 to phosphorylate NICD and coordinate activation with turnover [12] . Several studies have previously addressed the regulatory phosphorylation of GSK-3b in response to biomechanical stimulation in vitro and confirmed an AKT-dependent downstream inhibition of GSK-3b activity in response to cyclic strain [42, 50] . MAPK are also known to act as a priming kinase for GSK-3b [32] where the regulatory phosphorylation of GSK-3b in vascular cells is also under the control of MAPK-dependent signaling [29] . We have previously demonstrated that MAPK inhibition significantly attenuated strain-induced decreases in NICD expression in vSMC [38] . In these studies, the strain-induced decrease in vSMC growth was associated with a cyclic strain-induced down regulation of Notch receptors that was Gi-protein and ERK1/2-dependent. The significant attenuation of Notch signaling and vSMC growth was reversed following ectopic expression of NICD's. In this context, the present study addressed whether strain-induced MAPK signaling contributed to changes in downstream GSK-3b activity in these cells. While the strain-induced increase in MAPK activities and inactivation of GSK-3b coincided with a significant decrease in vSMC proliferation and survival, inhibition of ERK and p38 activity failed to attenuate the strain-induced phosphorylation and inactivation of GSK-3b. These data suggest that unlike AKT [42, 50] neither ERK nor p38 act upstream of GSK-3b in vSMC to phospho-relay and transduce biomechanical stimuli and are therefore unlikely to act as the priming kinases for GSK-3b in response to cyclic strain. In contrast, inhibition of GSK-3b resulted in significant increases in both baseline levels of ERK and p38 activity and subsequent attenuation of strain-induced phospho-ERK and -p38 activity, respectively. Multiple signaling pathways besides those directed towards GSK-3b are activated by cyclic strain [43, 48] . Nevertheless, our data suggest that the strain-induced changes in vSMC proliferation and apoptosis that occur concomitant with an ERK1/2-dependent attenuation of Notch signaling are clearly due in part to increases in GSK-3b phosphorylation at Ser 9 since inhibition with SB216763 modulates Notch signaling and inhibits the strain-induced changes ERK1/2 activity and therefore Notch signaling downstream. These data further indicate that GSK-3b signaling may play a critical role in promoting downstream MAPK signaling in vSMC in response to strain.
The functional significance of GSK-3b in modulating vSMC growth in response to changes in cyclic strain was further confirmed in vSMC grown within, and upstream from, a stent in vitro. The stented MVP fully reproduces the mechanical microenvironment within a stent and mimics the significant decrease in arterial wall compliance and distensibility following stent implantation [46] . A decrease in cyclic strain amplitude within the stent resulted in a marked increase in vSMC cell growth concomitant with an increase in GSK-3b activation and enhanced Notch1 signaling. In similar studies, stent implantation in vivo, with the associated reduction in cyclic strain amplitude, stimulated both AKT and pGSK-3b phosphorylation while also increasing neointima formation in the stented rat aorta [50] . Thus, activation of GSK-3b following stent implantation represents an important phospho-relay and transduction mechanism for decreases in cyclic strain within arterial media during restenosis in vivo. Moreover, modulation of Notch signaling components as a direct result of increased GSK-3b activity in vSMC within the microenvironment of the stent has important implications for vSMC growth following stent deployment.
The functional involvement of GSK-3b in modulating vSMC growth in response to changes in cyclic strain/tension was further validated in vivo following carotid artery ligation where reduced blood flow results in decreased vessel wall tension and stress [20] . Moreover, the increase in active GSK-3b within the medial and neointimal layer was associated with increased vSMC proliferation (PCNA), decreased apoptosis (Bax) and enhanced Notch1 signaling (Hrt). Previous studies have revealed that GSK-3b is acutely inactivated (within 24 h) following balloon injury and carotid ligation in vivo [17, 26] . However, the levels of active GSK-3b significantly rise as neointimal formation progresses in a manner such that treatment with a ROS scavenger [50] or TNF-a inhibition [47] , which both inhibit GSK-3b activity, attenuated the vascular remodeling response in vivo. Taken together, these data strongly support an important role for GSK-3b in modulating the phenotypic and growth response of vSMC to low strain microenvironments in vivo where vSMC growth can occur unabated. In this context, pharmacological inhibition of GSK-3b on drug-eluting stents results in a marked attenuation of neointimal formation in vivo [18, 30] .
It is clear that maintenance of an appropriate physiological level of GSK-3b activity is crucial since either too little or too much GSK-3b activity can promote vascular cell fate changes [8] . Consistent with our data, recent studies now suggest that GSK-3b may present as a target gene of specific microRNA's in airway smooth muscle and moreover cyclic strain inhibits endogenous GSK-3b activity in these cells through miRNA-26a [33] . As miR-NA-26a levels are significantly downregulated in vSMC during vascular remodeling [27] , the enhanced GSK-3b activity within neointimal and medial cells following carotid ligation is consistent with a reduction in miRNA-26a regulation of GSK-3b activity in these cells. Our data clearly identify GSK-3b control of Notch function as a target for intervention and highlight GSK-3b inhibitors as a potential treatment option for vascular proliferative disease.
In conclusion, we have identified GSK-3b as a positive modulator of Notch signaling in vSMC. The enzyme offers a potential therapeutic target for vascular disease states that display impaired or exaggerated Notch signaling due to decreases in strain/tension within the vasculature, and subsequent exaggerated SMC proliferation. In this context, dose-dependent modulation of GSK-3b and control of the timing and extent of its inhibition has been proposed as a novel mechanism to treat cancer, diabetes and mood disorders [31] . A similar strategy may be useful in exploiting the therapeutic potential of Notch in vascular disease.
